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INTRODUCTION 

Thermal breakdown reactions directed toward cracking complex molecules into 
low molecular weight products constitute an important part of oil sand technologies 
(1). It is generally accepted that the high asphaltene content of Alberta bitumen 
is primarily responsible for a large proportion of the coke produced by dehydrogen- 
ation and repolymerization reactions that prevail at high temperatures. Moreover, 
asphaltene obtained from the Alberta oil sands contains appreciable amounts of heter- 
atoms, mainly sulfur, oxygen and nitrogen, that tend to be associated with coke pre- 
cursors and as such greatly reduce the marketable value of coke as an energy source. 
However, our previous results (2-6) suggest that the oxygen-based hydrogen bonding 
and sulfide linkages play important roles in the molecular size of the sulfur-rich 
Alberta oil sand asphaltene. These observations are significant because the energy 
requirement for the cleavage of sulfide bonds is generally lower than that required 
for coke formation. We have therefore undertaken a study of the thermal behaviour of 
asphaltene under moderate conditions aimed at high product recoveries and low coke 
yields. 

EXPERIMeNTAL 

The origin of the samples and the preparation of asphaltenes have been described 
(2,3). 
Thermal degradation 

The pyrolysis of asphaltene (1.5 g) was carried out in a vacuum (0.1 torr) 
sealed tube (vol. 40 ml) inserted in a furnace maintained at a preset temperature. 
After the heating period the tube was cooled to -15"C, opened, and the product 
Soxhlet extracted with n-pentane to yield the pentane-soluble (maltene) fraction. 
Subsequent extraction with benzene yielded the benzene soluble (retrieved asphaltene) 
fraction. 

Reduction 

A one gram sample of asphaltene dissolved in 15 ml dry THF was introduced to 
100 ml liquid ammonia, followed by 45 ml of 98% ethanol and then lithium metal (6 g) 
cut into small pieces was gradually added over a period of about 1 hour. The mixture 
was stirred for another 2 hours and finally quenched with 15 ml ethanol. Ammonia was 
allowed to evaporate overnight. The reduced product was recovered by the usual proce- 
dure involving acidification with aqueous HC1, filtration, removal of inorganic salts 
by water extraction, and was then dried in vacua at 60°C for 24 hours. 

Chromatography separation of pentane soluble fractions 

packed with silica gel Woelm (activated overnight at 140T). 
ratio was 1:65 (for elution solvents, see Table 5). TO assure purity of the fractions, 
they were monitored by HPLC on a p-Porasil column using a W detector. 

tive HPLC on a silver aluminum silicate column (column, 6 cm x 0.9 cm (i.d.); solvent, 
heptane; flow rate, 9 ml/min; pressures, -8-900 psi). 

A compound class separation was performed on a glass column, 100 cm x 1 cm (1.d.) 
The sample to solvent 

A clear-cut separation of saturates from olefins was achieved by semiprepara- 
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The molecular weights were determined by vapor pressure osmometry at a nominal 
concentration of 20 mg/ml in benzene. 

RESULTS AND DISCUSSION 

1. Thermal deqradation of asphaltene 

Athabasca asphaltene was heated either at constant temperature for various 
periods of time or at different temperatures for constant time periods (Table 1). 

The yield of the pentane-soluble (maltene) fraction does not seem to increase 
significantly either during prolonged heating or with increasing temperature but high 
temperature leads to coke formation. Volatiles and coke are produced at the expense 
of residual asphaltene. 

The elemental analyses of maltene, residual asphaltene and insoluble residue, 
if any, are given in Table 2. The chemical composition of the maltene fraction does 
not show much variation with either time of heating or temperature; it is more satu- 
rated than the residual asphaltene and distinctly lower in nitrogen content than both 
the original and residual asphaltenes. In the residual asphaltene, the lower H/C 
ratios indicate that aromatization increases with either reaction time or increased 
temperature. The insoluble residue produced at 390°C is the most unsaturated portion 
of pyrolyzed asphaltene and contains the highest concentration of heteroatoms. Under 
the conditions used, the overall desulfurization does not exceed 22% in terms of the 
sulfur present in the parent asphaltene. 

susceptible to cleavage in potassium-THF solution varies for Athabasca, Cold Lake, 
Peace River and Lloydminster asphaltenes. To estimate to what extent these structu- 
ral variations in the Alberta oil sand asphaltenes are reflected in their thermal 
behaviour, these asphaltenes were heated under conditions where thermolysis of the 
Athabasca asphaltene gives optimal conversion and no coke. 

At 3OO0C, after 72 hours, (Table 3 ) ,  all these sulfur-rich asphaltenes retain 
full solubility in benzene. Some variations are, however, indicated by the yield of 
pentane solubles which is the highest for Athabasca and significantly lower for the 
remaining asphaltenes. This roughly corresponds to the decrease in the molecular 
weight of the heated asphaltenes. Desulfurization accounts for up to 15% of the 
original sulfur content and deoxygenation varies from 20 to 40%. 

2. Thermal degradation of reduced asphaltene 

In earlier studies (3,6) it was found that the amount of sulfur in bridges 

According to the previous results, (2,7) depolymerization of asphaltene de- 
pends to a large extent on the cleavage of C-S bonds and thermolysis at 300°C will 
involve only the most unstable ones. Any structural changes in the asphaltene mole- 
cule which would lower the energy of activation for cleavage of the C-S bonds present 
may enhance the degradation under the same conditions. It was therefore of interest 
to investigate the thermal behaviour of asphaltene that had been chemically modified 
by reduction with alkali metals. The reductive systems applied were potassium in 
tetrahydrofuran with naphthalene as a charge transfer catalyst (2) and lithium in 
liquid ammonia in the presence of ethanol. In both cases simple protonation results 
in partial insolubilization which accounts for up to 60% of reduced asphaltene. 

a) Potassium-THF-naphthalene reduced Alberta sulfur-rich asphaltenes 

When heated at 300°C for 72 hours these reduced and protonated asphaltenes 
(Table 4 )  exhibit thermal properties which are distinctly different from those of 
naturally occurring asphaltenes, cf. Table 3. 
tenes became almost fully soluble in benzene; the yield of pentane solubles was 
doubled (except for the case of the Athabasca sample) and the loss of sulfur upon 
conversion was also twice that observed for unreduced asphaltenes. cf. Table 3. The 
overall desulfurization upon reduction and thermolysis, about 50%. is comparable for 
all four asphaltenes. 

Thus thermally treated reduced asphal- 
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b)  Li thium-l iquid ammonia reduced Athabasca asphal tene 

The t r ea tmen t  with l i t h ium i n  l i q u i d  ammonia i n  t h e  presence of  e thanol  en- 
hances t h e  thermal  r e a c t i v i t y  of  Athabasca asphal tene t o  an even l a r g e r  ex ten t  than 
t h a t  with potassium i n  THF. The r a t e  of  conversion i n t o  pentane so lub le s  and desul- 
f u r i z a t i o n  have been found t o  be d i r e c t l y  r e l a t e d  t o  t h e  amount of hydrogen i n t r o -  
duced to  a spha l t ene  on reduct ion.  This again seems t o  depend on the  l i t h ium and 
ethanol  concentrat ions.  The enhanced degree o f  hydrogenation of asphal tene i n  the  
presence of e thano l  i s  appa ren t ly  due t o  t h e  f a c t  t h a t  e thano l  a s  a proton source i s  
more a c i d i c  than ammonia and f a c i l i t a t e s  t h e  reduct ion of aromatic systems such a s  
benzene d e r i v a t i v e s  having high negat ive r educ t ion  p o t e n t i a l s .  

The r e s u l t s  (Table 4) show t h a t  a t  3 0 0 T  l i t h ium reduced Athabasca asphal tene 
yielded close t o  50% of pentane so lub le s ,  and t h e  s u l f u r  content  was depleted by 
about  50%. 
t h e  reduced and hea ted  a spha l t ene  is more favorable  than i n  t h e  o r i g i n a l  asphal tene.  
The conversion r a t e  i s  d i s t i n c t l y  higher  t h a n  i n  t h e  case of  potassium-THF p r e t r e a t -  
ment and comparable wi th  t h a t  obtained i n  t h e  case  of  t h e  t e t r a l i n  r eac t ion  a t  39O0C 
(7). 

pared to  t h e  o r i g i n a l  asphal tene and r e f l e c t e d  by apprec iab le  conversion and desul- 
f u r i z a t i o n ,  i s  r e l a t e d  t o  t h e  cleavage of carbon-sulfur  bonds and t o  p a r t i a l  s a tu ra -  
t i o n  of double bonds. This  leads t o  t h e  formation of  thermally unstable  t h i o l s  which 
a r e  e a s i l y  removed a t  temperatures a s  l o w  a s  300'C. 

3. Cha rac t e r i za t ion  of t h e  pentane-soluble f r a c t i o n  obtained from thermal 

I t  is i n t e r e s t i n g  t o  note  t h a t  t h e  proport ion of  hydrogen t o  carbon i n  

I t  i s  appa ren t  t h a t  t h e  high thermal r e a c t i v i t y  of  reduced asphal tenes  as com- 

degradat ion o f  Athabasca asphal tene 

The apprec iab le  y i e l d s  and r e l a t i v e l y  low molecular weights of t h e  pentane 
so lub le  f r a c t i o n s  obtained from thermal t reatments  of  asphal tene make them amenable 
t o  chromatographic sepa ra t ion .  The pentane-soluble products of Athabasca asphal tene,  
pyrolyzed n e a t  a t  300' and 39OoC, and i n  t h e  presence of  t e t r a l i n  a t  39OoC, and of  
l i t h ium reduced and pyrolyzed asphal tene a t  3OO0C, have been separated i n t o  compound 
c l a s s e s  on s i l i c a  g e l .  The r e s u l t s  (Table 5) i n d i c a t e  t h a t  t h e  y i e l d s  of s a t u r a t e s  
and aromatics i n c r e a s e  with inc reas ing  temperature of  thermolysis  a t  t h e  expense of 
t h e  po la r  I and p o l a r  I1 f r a c t i o n s .  S i g n i f i c a n t l y ,  pretreatment  w i t h  l i t h ium i n  
l i q u i d  ammonia i n  t h e  presence of e thano l  promotes t h e  formation of s a t u r a t e s  and 
aromatics  I, t h e  y i e l d s  of  which, a t  3OO0C, approximate those obtained a t  39OOC. 

CONCLUSIONS 

I t  i s  c l e a r  from t h e  d a t a  presented he re  t h a t  t h e  e a r l y  s t a g e  of low tempera- 
t u r e  degradat ion i s  a gradual  depolymerization, where t h e  c ros s l ink ing  bonds i n  t h e  
a spha l t ene  molecule a r e  p r e f e r e n t i a l l y  broken with t h e  formation of lower molecular 
weight ,  pentane-soluble  p o l a r  mater ia ls .  Po la r  f r a c t i o n s  can r e a d i l y  undergo therm- 
o l y s i s  t o  generate  hydrocarbons (e.g., s a t u r a t e s  and aromatics) .  

e r a t i o n  of  t h i o l s  which can be e a s i l y  removed, t hus  a f fo rd ing  an appreciable  o v e r a l l  
d e s u l f u r i z a t i o n  on subsequent  pyrolysis .  The r educ t ion  using l i t h ium/ l iqu id  ammonia 
i n  t h e  presence of e thano l  r e p r e s e n t s  a s i t u a t i o n  i n  which t h e  hydrogen added t o  as- 
phal tene molecule r e a c t s  with t h e  f r e e  r a d i c a l s  produced during thermolysis ,  thus 
s t a b i l i z i n g  t h e  fragments and r e s u l t i n g  i n  a remarkable conversion i n t o  pentane- 
so lub le  ma te r i a l s .  

The a l k a l i  me ta l  p re t r ea tmen t  a c t i v a t e s  c e r t a i n  C-S bonds, most l i k e l y  by gen- 
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Table 1. Thermolysis of Athabasca Asphaltene 

Yield, % Wt Asphaltene 
Temp., Time, Volatiles Soluble fraction Residue Desulfurization 
O C  hrs Pentane Benzene % 

300 4 0 20 80 0 9 
300 30 1 22 77 0 9 
300 72 5 28 67 0 14 
300 114 5 26 69 0 14 
348 4 4 24 72 0 14 
390 4 10 32 38 20 22 

Table 2. Elemental analyses of maltene and residual asphaltene 
obtained from thermolysis of Athabasca asphaltene 

% 
Temp., Time, Mw H/C N 0 5 
OC hrs 

Maltene fraction 

300 4 690 1.36 0.60 2.02 7.00 
300 30 680 1.38 0.51 1.59 6.75 
300 72 530 1.38 0.55 1.23 6.39 
300 114 5 70 1.40 0.65 1.30 6.40 
348 4 620 1.40 0.51 1.60 6.58 
390 4 430 1.42 0.50 1.16 6.10 

Residual asphaltene 

300 4 6100 1.18 1.29 1.90 7.00 
300 30 5500 1.16 1.33 1.84 7.20 
300 72 6600 1.07 1.37 1.80 7.21 
300 114 4500 1.04 1.34 1.90 7.15 
348 4 5300 1.11 1.34 2.00 7.05 
390 4 2400 1.06 1.40 1.80 6.88 

Residue 
4 - 0.89 1.63 2.16 7.16 390 



Table 3. Thermolysis of Alberta asphaltenes at 3OO0C/72 hrs. 

Asphaltene Product 
source Mw Conversion Loss, Wt % Mw 

Wt % Sulfur Oxygen 

Athabasca 6000 28 14 40 1300 
Cold Lake 8100 7 5 30 5500 
Peace River 9500 14 1 4  40 2500 
Lloydminster 9300 14 15 20 3500 

Table 4 - See following page. 
Table 5. Chromatographic separation of the pentane soluble products 

from thermally treated Athabasca asphaltene 

Yield, w t  % (pentane solubles = 100%) 

Eluate Fraction 390'C 390°C 

neat tetralin neat Lithium 
reduced 

n-c5 Saturates 12.1 15.1 3.2 11.3 

Olefins 2.7 1.9 0.8 1.3 

Aromatic I 
(mono-, di-) n-C5/15% BZ 13.7 13.2 

Aromatic 11 
(>  di-to poly-) 30.6 27.5 n-C5/15% BZ 

5.8 10.9 

17.8 19.9 

100% Bz Polar I 22.5 26.3 47.3 30.9 

THF Polar I1 15.5 18.4 29.9 24.6 
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